Lipid-rich organelles are common in many cell types. In cells, such as adipocytes, these organelles are termed LDs, whereas in other cells, such as leukocytes, they are called LBs. The study of leukocyte LBs has attracted attention as a result of their association with human diseases. In leukocytes, such as eosinophils, LB accumulation has been documented extensively during inflammatory conditions. In these cells, LBs are linked to the regulation of immune responses by compartmentalization of several proteins and lipids involved in the control and biosynthesis of inflammatory mediators (eicosanoids). However, it has been unclear how diverse proteins, including membrane-associated enzymes involved in eicosanoid formation, incorporate into LBs, especially if the internal content of LBs is assumed to consist solely of stores of neutral lipids, as present within adipocyte LDs. Studies of the formation, function, and ultrastructure of LBs in eosinophils have been providing insights pertinent to LBs in other leukocytes. Here, we review current knowledge of the composition and function of leukocyte LBs as provided by studies of human eosinophil LBs, including recognitions of the internal architecture of eosinophil LBs based on 3D electron tomographic analyses.
Introduction
In recent decades, there has been a renaissance of interest and recognition in the structure and function of intracellular lipid inclusions. Such lipid-rich organelles in cells, such as adipocytes and steroidogenic cells, are termed LDs. The dynamic nature of LDs has led to their recognition as highly active organelles within most cell types involved in different biological functions and containing not only lipids but also many proteins (reviewed in refs. [1] [2] [3] ). In leukocytes, there has been a historically delayed recognition of the presence of intracellular lipid organelles that have been mainly termed LBs. Although classic LDs from adipocytes and LBs from leukocytes share some structural features, there are striking differences between them, and they likely represent different types of lipid-rich organelles. Classic LDs, as in adipocytes, have principal roles related to neutral lipid storage and metabolism. In contrast, LBs, as present in leukocytes and other cells, have functions, compositions, and structural aspects distinct from classic LDs. To highlight distinct features of these organelles, in this review, we will use the nomenclature LB and LD to refer to lipid-rich organelles from leukocytes and adipocytes, respectively.
LBs in leukocytes are remarkably linked to inflammatory responses and considered structural markers of inflammation (reviewed in refs. [4, 5] ). The association of LBs with inflammation in leukocytes, such as eosinophils, was demonstrated by the following: (1) accentuated and rapid formation of these organelles in response to inflammatory stimuli or allergic/inflammatory human diseases, including infections with parasites and bacteria; (2) presence of arachidonyl phospholipids, which serve as precursors for synthesis of inflammatory mediators (eicosanoids), within LBs; (3) correlative associations of LB formation (or inhibition) with levels of eicosanoids secretion; (4) localizations of eicosanoid-generating enzymes within LBs; and (5) in situ synthesis of eicosanoids (PGs and LTs) in activated cells (reviewed in refs. [4, 6] ). Enzymes involved in the biogenesis of these inflammatory lipid mediators, as well as eicosanoids themselves, were fully and directly localized within leukocyte LBs [4] . Another key finding in LBs related to inflammation was the demonstration of the proinflammatory cytokine TNF-␣ within LBs from human eosinophils [7] , confirming that LBs in leukocytes contain multiple molecular mechanisms for regulating inflammatory events. Leukocyte LBs are therefore likely, intimately linked to the functional capabilities of these leukocytes.
Although a phospholipid hemimembrane and proteins decorate the surface of leukocyte LBs, as found with LDs from adipocytes and other cells, the internal lipid-rich "cores" of leukocyte LBs are much more complex than recognized in LDs. The spatial organization of LB organelles is now beginning to be uncovered. Here, we integrate our current knowledge on the composition, structure, and function of LBs in human eosinophils, cells involved in a diversity of allergic and inflammatory diseases (reviewed in refs. [8 -10] ), including recent insights into the internal architecture of eosinophil LBs based on 3D electron tomographic analyses [11] , which altogether, have provided new insights in the structure and function of LBs in leukocytes.
LBS: TYPICAL ORGANELLES OF HUMAN EOSINOPHILS
Mature human eosinophils are distinguished by a major population of secretory granules, at times, termed secondary, crystalline, or specific granules. Eosinophils are also characterized by a typically bilobed nucleus with condensed, marginated nuclear chromatin, a prominent vesicular system, including large vesiculotubular carriers, termed EoSVs, and LBs ( Fig. 1 ; reviewed in refs. [10, [12] [13] [14] ).
Although LBs are distinctive organelles of human eosinophils, the existence of LBs in the cytoplasm of these cells was unappreciated in the past because of technical issues. Identification of LBs by light microscopy has methodological limitations, as LBs are neither resistant to drying nor to fixation and recognition with commonly used alcohol-based hematological stains (that solubilize LBs). For instance, cold methanol fixation extracts the majority of cellular phospholipids and promotes fusion of LBs [15] , whereas May-Grünwald-Giemsa staining causes dissolution of LBs [16] .
During the 1970s, the applications of osmium to fix and preserve lipids led to identification of LB as a "regular inclusion of normal eosinophil and neutrophil leukocytes," but LBs were misconsidered as candidate granules [17, 18] . Later, the use of other methodologies, including the use of fluorescent lipophilic dyes (see Fig. 2 ), definitively identified LBs as regular organelles within eosinophils and other leukocytes. The main techniques currently used to visualize LBs in leukocytes by light microscopy are summarized in recent reviews [4, 19] .
By TEM, eosinophil LBs are imaged as round, highly osmiophilic organelles and therefore, appear as very electron-dense organelles in TEM images (Fig. 1, and see Fig. 3A ). The high electron density of LBs, in conjunction with the fact that LBs are not delimited by a true bilayer membrane, enables their unambiguous, ultrastructural identification within eosinophils (see Fig. 3A ). LBs can also be easily identified within eosinophils by wet-scanning EM as highly contrasted organelles [20] .
Another morphological feature of eosinophil LBs is their considerable variation in size. By TEM, under favorable conditions, which may include postfixation with reduced osmium to increase contrast, LBs, as small as 30 nm, can be identified in conjunction with other LBs of greater size (see Fig. 3B ). Cell activation induces notable increases in LB numbers and sizes, as recognized even by light microscopy ( Fig. 2A and B) and demonstrated extensively during inflammatory responses ( Fig. 3B and C, and see Table 1 ).
LB CONSTITUENTS IN HUMAN EOSINOPHILS
As a feature common to LDs in diverse cell types [22, 23] , eosinophil LBs contain an internum rich in neutral lipids, surrounded by a monolayer of phospholipids with associated proteins. LD/LB-specific structural proteins, the PAT family of proteins (renamed to PLIN family proteins) [24] -PLIN/PLIN1, adipose differentiation-related protein (ADRP/adipophilin/ PLIN2) [25] , and tail-interacting protein of 47 kDa (PLIN3) [26] -are constitutively associated with the circumferential rim of these organelles [27] . 
AA
AA, a 20-carbon fatty acid, when enzymatically released from arachidonyl-phospholipids, is the substrate for enzymatic conversion into diverse eicosanoid lipid mediators (e.g., PGs, LTs) [28] . A role for LBs in the cellular metabolism of AA was first determined with eosinophils isolated from the blood of eosinophilic patients with HES [29] . Isolated LBs of human eosinophils contained stores of AA, mainly esterified in phospholipids [29, 30] . This means that arachidonyl-phospholipid pools, in addition to their classical localizations in cell membranes (e.g., nuclear envelope), reside in LBs, and therefore, these organelles are potentially able to initiate cascades that culminate in the formation of eicosanoid lipid mediators. In fact, even in anucleate eosinophil cytoplasts, LBs were inducible, were correlated with enhanced eicosanoid forma- tion, and were discrete sites of eicosanoid-forming enzyme localization [31] .
Enzymes involved in the conversion of AA into eicosanoids localized to LBs
The major enzymes involved in the enzymatic conversion of AA into eicosanoids are localized specifically within LBs of activated eosinophils. These membrane-associated or membraneinserted enzymes include COX [31, 32] , 5-and 15-LO [31, 33, 34] , and LTC 4 synthase [31, 34] . Notably, an early study using immunogold EM localized 5-LO, not at the surrounding peripheral membrane of eosinophil LBs but rather, localized fully within eosinophil LBs [31] . Studies in other leukocytes also localized AA-mobilizing phospholipase A 2 to LBs [35, 36] . Thus, the varied, often membrane-associated, enzymes involved in the regulated release of AA from phospholipids and their subsequent enzymatic conversions into varied eicosanoids were localized to and often within LBs of eosinophils and other leukocytes.
Eicosanoid formation at LBs
As noted, LBs from human eosinophils compartmentalize and colocalize substrate AA esterified in phospholipids and the entire enzymatic machinery for eicosanoid synthesis. Moreover, stimuli that enhanced eosinophil LB formation dose-dependently, coordinately enhanced eicosanoid synthesis in activated eosinophils. Inhibitors of agonist-elicited LB formation in eosinophils and other leukocytes coordinately inhibited eicosanoid release in activated leukocytes. Significant correlations between LB formation and enhanced generation of eicosanoids by eosinophils and other leukocytes have been observed (reviewed in ref. [37] ).
As eicosanoids are not stored as preformed mediators, the intracellular sites of newly formed eicosanoid lipids, following cell stimulation, had lacked specific documentation. If eosinophil and other leukocyte LBs were specific sites of synthesis of eicosanoids, a "smoking-gun" demonstration was needed. With the adaptation to a method to carbodiimide immobilize eicosanoid carboxyl groups to proximate proteins to document local, new formation of eicosanoids [38] , the first proof that LBs were sites of formation of an eicosanoid was reported for eosinophil LBs as sites of LTC 4 formation [39] . Notably, ionophore activation led to localized eicosanoid formation at the perinuclear membrane, whereas more "physiologic" stimuli led to eicosanoid formation at LBs [40] .
With the use of this technique (EicosaCell) [41] , LTC 4 formation was demonstrated specifically at LBs from human eosinophils stimulated with the chemokines CCL11 and CCL5 [39, 41] and in eosinophil LBs from murine models of allergic inflammation [42] . PGD 2 was also demonstrated within LBs from human eosinophils stimulated with AA or CCL11, whereas virtually no PGD 2 immunolabeling was observed within NS eosinophils [43] . Likewise, in other leukocytes, LBs are documented focal sites of eicosanoid synthesis (see LB Formation and Function in Other Leukocytes below).
Cytokines
An as-yet, under-investigated role of LBs relates to cytokines localized within LBs from eosinophils and other leukocytes. For instance, TNF-␣ was clearly detected by immunogold EM within cytoplasmic LBs of eosinophils present in vivo in colonic Crohn's disease biopsies [7] . Evidence for localization of TNF-␣ was also provided by immunofluorescence microscopy after in vivo LPS stimulation of peripheral blood neutrophils and monocytes from septic patients [16] . However, to date, the association of cytokines with signaling functions within LBs is a question that remains to be addressed.
THE INTERNAL ULTRASTRUCTURE OF LBS: INSIGHTS FROM 3D STUDIES IN HUMAN EOSINOPHILS
Some of the difficulties in the study of LBs originate from their unique architecture. In contrast to vesicles and membranous organelles that have an aqueous content surrounded by a phospholipid bilayer membrane, LBs, as mentioned, are encircled just by a monolayer of phospholipids [4] (Fig. 3) . LBs, therefore, lack a true delimiting unit membrane structure. Because of this distinct organization, it is not understood how LBs interact with other membranous organelles and vesicles and how molecules are transported to and from these organelles. Although vesicles are seen around or in contact with LBs, a vesicular transport route to/from these organelles has not yet been documented.
With the recognition that leukocyte LBs are sites for the regulated biosynthesis of eicosanoid lipid mediators [31, 42, 44, 45] , with membrane-inserting proteins present within their cores, an intriguing question has been raised. How are diverse membrane-associated proteins, including enzymes, involved in eicosanoid formation, such as COX, 5-LO, and LTC 4 , spatially organized within leukocyte LBs? Recent work using human eosinophils has shed light on how proteins with transmembrane domains stay associated with the LB core, not only in leukocytes but also in other cell types [11] . Automated electron tomography, a technique that offers 3D information at very high resolution [46, 47] , as well as conventional TEM, provided evidence for the presence of membranes within LBs (Fig. 4) . After 3D reconstruction and modeling, analyses revealed that indeed, eosinophil LBs enclose an intricate system of membranes within their cores [11] . Computational reconstruction showed that these membranes are organized as a network of tubules that resemble the ER (Fig. 4) . The recognition of ER-derived membranes within LBs may be crucial to understanding the functional activities of LBs. In addition to explaining the association of polar proteins within LB cores, this finding may be important to understanding LB biogenesis [11] . Table 1 ). For example, higher LB formation was documented within human eosinophils after stimulation with the chemokines CCL11 or CCL5 [11, 20, 39] and with the proinflammatory cytokines TNF-␣ and IFN-␥ (Fig. 3B and C) [11] . Eosinophils from patients with HES also exhibited increased number of LBs [11, 33] . Interestingly, HES eosinophils are naturally activated, i.e., show a number of functional and biochemical measures indicative of activation [48] , including increased numbers of EoSVs [49] in the cytoplasm, and have enhanced LTC 4 production [50, 51] . Other situations and diseases that trigger significant formation of LBs in human eosinophils are listed (see Table 1 ).
As noted, eosinophil LBs compartmentalize several proteins and lipids involved in the control and biosynthesis of inflammatory mediators. Therefore, LBs, formed in response to cell activation, act as competent organelles for modulation of immune responses in leukocytes. Moreover, as biogenesis of LBs is now a well-documented event within inflammatory cells, LBs are considered key structural markers of cell activation and inflammation (reviewed in ref. [4] ). Is the blocking of allergen-induced LB formation beneficial in controlling aspects of allergic inflammation? With the consideration that eicosanoids, such as LTC 4 , have central roles in the pathogenesis of allergic diseases, such as asthma, inhibition of the biogenesis of LBs, in which consistent synthesis of this LT occurs under eosinophil activation, may have therapeutic effects (reviewed in ref. [37] ). It is well-documented that specific blockage of CCL11-, MIF-, or PGD 2 -driven effects is able to impair LB formation and LT synthesis by recruited eosinophils [37] . Interestingly, the effect of natural, anti-inflammatory products on the formation of LB within eosinophils has also been studied. For example, by investigating potential antiallergic properties of the Brazilian bromeliaceae Nidularium procerum in an experimental model of allergic pleurisy, it was observed that pretreatment with N. procerum not only reduced pleural eosinophil influx triggered by allergen challenge but also decreased LB numbers in infiltrating eosinophils [52] . Moreover, pretreatment with N. procerum blocked pleural eosinophil influx triggered by PAF or CCL11, key mediators of the development of allergic pleural eosinophilia [52] . Thus, LBs within eosinophils and other leukocytes are emerging as key organelles involved in inflammation signaling and as such, are an attractive target candidate for therapeutic intervention.
ARE EOSINOPHIL LBS SITES FOR COMPARTMENTALIZED PROTEIN SYNTHESIS?
As a growing list of proteins has been identified within LBs, as revealed by many proteomic studies in different cell types, it is believed that these organelles act as transient sites for proteins that will be released, delivered, or catabolized [53] , but are LBs stations for protein synthesis?
A characteristic of LBs in eosinophils and other cells is their association with the ER, which appears frequently around or even apparently intermingled in the periphery of LBs in conventional, thin TEM sections [11, 54] . Interestingly, ultrastructural analyses identified the presence of ribosomes attached to the circumferential surfaces of eosinophil LBs and even spread within their electron-dense core content [54] . The ribosomal localization at and within LBs in eosinophils may be linked to compartmentalized protein synthesis at LBs. This is fully consonant with prior ultrastructural localization studies of LBs in human mast cells: (1) 3 H-uridine was shown to accumulate in LBs; (2) RNA was localized within LBs by hybridization with an RNase-gold probe and by anti-RNA antibody immunogold labeling; (3) poly(A) mRNA was detected within LBs by in situ hybridization with a poly(U) probe; and (4) several human autoimmune sera-to-ribosomal component proteins immunolabeled LBs [55, 56] . Ribosomal component proteins and proteins involved in regulation of ribosomal protein translation, as well as ER-associated, glycosylation-mediating proteins, were also documented within LBs from human monocyte U937 line cells by our group in a proteomic study [54] .
Although there is no direct evidence for protein synthesis within eosinophil LBs until now, our group has identified by immunogold EM the presence of the ER protein PDI, which is required for constitutive events of protein formation, in LBs from human eosinophils [57] . This finding supports the view that events of protein synthesis may be indeed occurring in these organelles, as PDI is involved in the proper folding and in the formation and reshuffling of the disulfide bridges in new, synthesized proteins (reviewed in refs. [58, 59] ). Moreover, PDI-positive vesicular compartments were found in interactions with LBs in the eosinophil cytoplasm, which may be reflecting a pathway for proteins that are being processed within these organelles and/or released from them [57] . Future studies are needed to determine if indeed protein synthesis events take place within eosinophil LBs.
BIOGENESIS OF LIPID-RICH ORGANELLES: INSIGHTS FROM STUDIES USING HUMAN EOSINOPHILS
Although it is extensively recognized that lipid-rich organelles originate from the ER, it is still a matter of debate on how these organelles are formed. There are different models to explain lipid-rich organelles biogenesis. The prevailing model assumes that these organelles are formed by accumulating neutral lipids between the cytoplasmic and luminal leaflets of ER bilayer membranes, followed by the budding off of these organelles surrounded by a phospholipid monolayer derived from the cytoplasmic leaflets of ER membranes (reviewed in ref. [60] ). This model is in agreement with the recognized phospholipid monolayer that surrounds lipid-rich organelles [23] but fails to elucidate a noncircumferential topology of membrane-associated proteins within them. By this model, proteins could insert only in the circumferential monolayer membrane of LDs/LBs, but as noted, several proteins, including the PLIN family proteins, which were described initially only at the LD/LB periphery, are recognized as proteins incorporated within their cores [61] . In fact, little evidence supports the LD/LB-budding model, and alternative models have been proposed (reviewed in ref. [60] ).
Studies using human eosinophils and other leukocytes are helping to elucidate biogenesis of lipid-rich organelles. Conventional TEM demonstrated portions of ER at the LB periphery and even intermingled in the lipid content [11, 54] . More recently, electron tomography revealed ER-like, membranous structures within LBs from human eosinophils [11] . These findings support evidence for a different model of leukocyte LB formation by incorporating bilayer membranes of the ER within their cores [11, 54] . By this model, LBs would be formed by incorporating multiple loops of ER membranes (both cytoplasmic and luminal leaflets of membranes) within developing LBs. Accumulations of neutral lipids would develop among the internal, ER-originated LB membranes, i.e., triacylglycerol, and other neutral lipids would be locally synthesized. Indeed, several enzymes involved in the synthesis of triacylglycerol have been demonstrated in isolated LDs/LBs and associated with local synthesis of these lipids [62, 63] .
The synthesis of lipids within LBs would elucidate the rapid and extraordinary enlargement of LBs in the cytoplasm of leukocytes during different diseases. Our group has been demonstrating LBs occupying large portions of the cytoplasm of human eosinophils and other leukocytes in response to clinical and experimental inflammatory conditions (Fig. 3B and C and Table 1 ; reviewed in ref. [4] ).
LB FORMATION AND FUNCTION IN OTHER LEUKOCYTES
Since the pioneer work in eosinophilic patients, demonstrating not only LB formation in eosinophils but also a role for this organelle in AA metabolism [29] , further studies in leukocytes have greatly contributed to our understanding of LBs as inflammation-associated intracellular sites (reviewed in refs. [4, 37] ). Over the past years, substantial progress has been made, demonstrating that LBs in leukocytes, as well as in other cells, are actively formed in response to different stimuli and serve as discrete sites for the synthesis of PGs and LTs.
Neutrophils
In human neutrophils from the peripheral blood, LBs can be elicited rapidly in vitro after stimulation with PAF, protein kinase C activators, or cis-unsaturated fatty acids, such as OA and AA [69 -71] . COX was directly demonstrated within LBs from these cells [72] . More recently, formation of LBs was observed in cultured HL-60-derived neutrophils, after stimulation with Porphyromonas gingivalis LPS, a major pathogen in adult periodontitis [73] . Interestingly, PLIN-3 was linked with LD biogenesis and PGE 2 production in these cells [73] .
Basophils
The chemokines CCL5 and CCL11 activate basophils for enhanced LTC 4 generation by distinct signaling and compartmentalization mechanisms involving the induced formation of new cytoplasmic LBs [39] .
Mast cells
Since the demonstration that LBs from human mast cells contain large amounts of AA [74] , these organelles have been implicated in eicosanoid biology (reviewed in refs. [75, 76] ).
Macrophages
Research over the last decade has identified LBs as critical organelles of inflammatory macrophages, as discussed in different reviews [4, 5, 37, 77] . Numerous stimuli and inflammatory conditions, including experimental and clinical infections with different pathogens, such as bacteria, parasites, and viruses, induce LB formation within macrophages, and it was shown that stimulated macrophages respond with synthesis of both eicosanoids and their forming enzymes within LBs (reviewed in refs. [4, 5, 37, 77] ). In addition to LB accumulation, interaction of these organelles with pathogen-containing phagosomes within macrophages has increasingly been recognized [78, 79] . Recent observations have indicated that this intriguing and intimate association is a pathogen-driven process, evolved to survive within the host cells by sequestering mainly [68] host lipids or as part of an anti-immunity strategy [78] . However, future studies will be necessary to address whether LBs have a major role in the intracellular survival or destruction of pathogens and/or if these organelles are able to interfere with phagocytosis pathways.
Other cells
There is increasing evidence that LBs may act as sites for inflammatory mediators in other cell types. For example, enzymes involved in PG synthesis, such as phospholipase A 2 , were associated with LB formation in cells from human fetal membranes [80] and in an AA-or OA-stimulated epithelial cell line [81] . Moreover, PGE 2 production was directly detected within LBs from epithelial cells, indicating a potential role for these organelles in epithelial cell-driven inflammatory functions [81] . Another example from a recent study is the biogenesis of LBs in muscle cells cultured with the intracellular protozoan parasite Toxoplasma gondii. PGE 2 quantified in the supernatant from noninfected and infected muscle cells showed a significant time-dependent increase in PGE 2 generation that positively correlated with LB formation in T. gondii-infected muscle cells but not in uninfected cells [82] .
CONCLUDING REMARKS AND PERSPECTIVES
LBs are common organelles of human eosinophils and other leukocytes with functions distinct from classic LDs from adipocytes. Leukocyte LBs reside in the cytoplasm as highly dynamic stations able to change their composition in response to inflammatory events. Under cell activation, enzymes involved in the synthesis of lipid inflammatory mediators are activated in leukocyte LBs and convert esterified AA into eicosanoids, mediating intracrine and paracrine activities. Moreover, LBs of activated human eosinophils represent additional subcellular storage compartments for the inflammatory cytokine TNF-␣. Indeed, leukocyte LBs are not only lipid-rich organelles but also organelles in which protein compartmentalization and management occur during cellular mechanisms of diseases. Therefore, in addition to their distinct molecular machinery, leukocyte LBs are likely structurally complex organelles, but we are just beginning to understand fundamental aspects of LB architecture in leukocytes and other cells. Recent studies using advanced EM techniques applied to human eosinophils have revealed the internal organization of LBs in 3D. LBs from these cells enclose an intricate system of membranous structures within their cores, organized as a network of tubules that resemble the ER organization. This is important to understand how LBs are formed from the ER and how membranebound proteins, including enzymes responsible for the formation of inflammatory mediators, are linked to LBs. The recognition of ER-derived membranes within LBs may be crucial to understand the functional activities of LBs and potentially, to distinguish LBs from LDs. However, several aspects of LB life in leukocytes remain to be defined. It is not understood how inflammatory lipid mediators, as well as proteins localized within leukocyte LBs, are mobilized from within these organ- 
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